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Abstract 
Deep-water bendable pipes conveying oil and gas flows are typically long and curved. Compared with straight pipes, they are 
more vulnerable to multiphase flow-induced hydrodynamic and static forces due to additional curvatures. This study aims to 
investigate the slug flow-induced vibration (SIV) in a long bendable curved pipe. The steady-state slug flows are derived from a 
film hydrodynamic theory and modelled as a series of travelling liquid-gas unit cells. Such momenta cause flow-induced forces 
(gravity, centrifugal, Coriolis) due to the space-time varying liquid-gas velocities, fractions and pressure. Numerical simulations 
of the pipe transporting slug flows undergoing SIV are performed using a finite difference method to evaluate the pipe dynamics 
due to the slug-induced mass variation, momentum change and pressure loss. Results highlight the occurrence of resonant and 
non-resonant pipe oscillations with multiple response frequencies, depending on the slug flow-pipe properties.  
 
Background and Motivation  
In offshore petroleum production, hydrocarbons from 
wells are transported through the subsea piping systems in 
typical forms of liquid-gas multiphase flows. Depending on 
phase flow rates and pipe inclinations, various flow patterns 
appear and may vary spatially and temporally. In practice, 
liquid-gas slug flows are common, exhibiting the phase 
fraction, velocity and pressure alterations. Such slug flows as 
a train of moving gravity loads can induce time-varying 
forces associated with the momentum and pressure changes, 
with a characteristic slug frequency leading to a slug flow-
induced vibration (SIV). In this study, the dynamics of a long 
bendable curved pipe transporting steady slug flows is 
numerically studied to highlight SIV features and effects. 
Pipe SIV: Modelling, Analysis and Discussion  
Modelling of slug flows may be generally classified into 
steady-state (Fernandes et al., 1983) and transient approaches 
(Issa & Kempf, 2003). In this study, a hydrodynamic steady-
state slug liquid-gas flow model of Taitel & Barnea (1990) is 
considered. With the assigned superficial phase velocities, 
averaged pipe inclination and slug unit length (Lu), the slug 
flow characteristics such as fractions, velocities and pressure 
are identified, depending on empirical closure correlations. 
By modelling slug flows as a series of moving masses of 
alternative liquid-gas phases travelling with a translational 
velocity, the curved bendable pipe is subject to the non-
uniformly distributed flow gravity and momentum effects.  
By following Srinil (2010), the equations of motion of the 
bendable pipe are derived through the variational principles, 
by also accounting for internal flow effects leading to SIV. 
Upward slug flows are considered and SIV of a long pipe 
with a 2000m length is numerically investigated through a 
finite difference discretization. The pinned-pinned tensioned 
pipe is assumed to be initially empty, forming a catenary 
shape due to its own effective weight.  
 Slug oil-methane flows with a given Lu=150d (where the 
inner pipe diameter d = 0.385m) is considered, entering the 
pipe and moving constantly with a translational velocity = 
8.5 m/s. Figure 1 illustrates the space-time varying pipe SIV 
in the vertical direction for (a) initial transient and (b) steady 
states. In Fig. 1a, the pipe experiences a very large excursion 
about 25m of maximum static drift displacement as the slug 
flows enter the static pipe and fully occupy it. For the steady-
state stage in Fig. 1b, the pipe oscillates around certain mean 
displacements due to combined static and dynamic loading 
components of flow gravity and momenta. Responses are 
asymmetric with respect to middle span due to the variable 
curvature effect, with maximum displacement of about 1m. 
 
 
Fig. 1 Space-time countour plots on pipe SIV with Lu=150d 
and two-phase superficial velcoties of 3 m/s: a) initial 
transient and excursion stage, b) steady-state dynamic stage. 
   
 Without other excitation effects, the pipe is observed to 
oscillate at a nearly single mode, exhibiting a standing-wave 
response pattern. Such phenomenon indicates a potential SIV 
due to a resonance between the slug characteristic and pipe 
(a) 
 (b) 
  (m) 
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natural frequencies. When varying the slug velocity or slug 
length, the travelling-wave pipe responses have also been 
captured, exhibiting the non-resonant feature with smaller 
amplitudes but multiple oscillation frequencies and excited 
modes of vibration.  
 Experimental tests are being carried out to validate the 
present model and the predicted pipe response behaviors, see 
a small-scale pipe model in Fig. 2 (Zhu et al., 2018).   
 
Fig. 2 Experimental SIV model for model validation 
Concluding Remarks 
 This study has investigated the slug liquid-gas flow 
induced vibrations in a long bendable curved pipe. A large 
excursion due to initial transient process is noticed, followed 
by the steady-state resonant SIV. Numerical results show that 
planar responses of the curved pipe contain the coupled mean 
drift and oscillation components due to the combined fluid 
gravity and momentum loading. Depending on the slug flow-
pipe properties, resonant and non-resonant pipe oscillations 
with space-time varying amplitudes and multiple frequencies 
are found. These observations are important from a structural 
analysis and fatigue design viewpoint.  
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